Residential building construction represented about 4.2% of the US Gross Domestic Product in 2000, and residences consumed nearly 20% of total US energy consumption. However, design and construction of residential buildings is often not conducted with an analysis of the life cycle costs and environmental impacts. In this paper, we outline an approach to a life cycle analysis for residences, using the results of a typical construction cost estimate to map into tools for environmental life cycle assessment (using the Carnegie Mellon economic input-output life cycle assessment model) and for resources required during the use phase of residences (using the DOE Energy Saver model). In essence, material costs are mapped into input-output sectors and the EIO-LCA model applied to assess environmental impacts. Similarly, operating inputs such as electricity or natural gas are estimated from the Home Energy Saver model and mapped into EIO-LCA sectors. The result of using our toolset is a life cycle assessment based upon the construction cost estimate. We are limited in the life cycle assessment to the building costs and the impacts calculated by the Carnegie Mellon economic input-output life cycle assessment.
INTRODUCTION
Residences comprise an important sector of construction, a significant demand for resources, a major investment by individuals and families, and a major cause of pollution. Figure 1 shows the relative importance of residences for various economic and environmental impacts, including gross domestic product, electricity, energy, global warming, hazardous waste and toxic emissions (Ochoa, 2002) . Residences have a disproportionate environmental impact relative to their share of economic activity.
The impacts in Figure 1 make evident the need and desirability for better practices in managing the life cycle of residential buildings, including design, selection of raw inputs and manufacturing of building materials, materials transportation, construction procedures, 1 optimization of consumption patterns along the usage phase, and convenient disposal strategies (e.g., recycling, reuse, landfill). (Ochoa, 2002) .
Different efforts have been conducted for improved residential design, some of which have considered a whole life cycle scenario, while others have just focused on some of the life cycle stages. However, most of these studies have not considered the indirect effects that exist among the building elements with the other sectors in the economy (from a market commodities perspective). This consideration may bring unexpected effects that better represent what is really happening in a more comprehensive and realistic scenario. In this paper, we describe our approach using a construction cost estimate for a typical residence to map into a tool for energy analysis, the Home Energy Saver (DOE 2004) , and a tool for environmental life cycle assessment, the Carnegie Mellon economic input-output life cycle assessment model (Hendrickson, 1998; GDI, 2004) . The result of using our toolset is a full life cycle assessment based upon the construction cost estimate. This model is illustrated for a typical residence in Pittsburgh, PA. Details concerning the model and additional example applications appear in Ochoa (2005) . (Curran 1996 , Heijings 2002 ). An application of these methods to a US residence appears in Keoleian (2001).
EXISTING RESIDENTIAL ANALYSIS AND DESIGN TOOLS
• Energy analysis is a major concern of residential design due to the large life cycle energy uses. Model systems for energy analysis include ECOLOGUE-SEMPER (Ries 2001) , ENERGY-10 (DOE 2004b) and DAEC (Assessment of Durability, Adaptability and Energy Conservation of Buildings) (Langford 2002 ). While numerous tools exist, there is still a need for a general purpose life cycle assessment tool that includes both direct and indirect impacts and is easy to use.
MODEL FRAMEWORK
The activities that encompass the life of a residential building are varied. In this work they are divided into construction, usage and disposal. For the construction phase, a construction cost estimate is used as input in the format used by RS Means (2000) . The various material demands are mapped from the RS Means categories to economic input output sectors as defined by the Census Bureau. For the usage phase, we estimate home improvement and remodeling expenditures based upon Census (2001a, b, c) , Mediamark (2000) and National Association of Home Builders (NAHB 2002) data and energy usage from the Home Energy Saver model (DOE 2004a) . Disposal phase characterization is done in the RS Means (2000) format using the other construction economic sector. For each phase, the expected material and energy uses are converted to dollar amounts and their environmental impacts are assessed using the EIO-LCA model (Hendrickson 1998 , Hendrickson 2005 , GDI 2004 . Figure 2 represents the overall architecture of the model. Table 1 illustrates the type of mapping from cost sectors to economic input-output sectors required for application of the model. In this case, we start with Census data from 1998 for typical residential material expenditures. The different material categories are grouped into economic input-output sectors and the dollar amounts converted to 1997 amounts (using the deflator 112.8/115.1 = 0.98 from RS Means, 2000) less a 10% markup representing the difference between expenditures and producer prices. 
EXAMPLE APPLICATION
A typical residence in Pittsburgh, PA is assessed following the methodology described above. The residence is a two story building with 2,000 sq. ft. (186 sq. m.) of living space and a wood frame.
CONSTRUCTION PHASE
The construction phase analysis is based upon a detailed summation of material requirements for the construction. As an example, the analysis for category "Foundation" is shown in Table 2 . After having mapped the rest of the building categories, Table 3 shows the consolidated construction material requirements for the typical residence considered. The expenditures shown in Table 3 are input into the EIO-LCA model (GDI 2004) for the life cycle impact analysis.
USAGE PHASE
The usage phase involves impacts due to remodeling but mainly the energy inputs for cooling, heating and electrical systems. For this Pittsburgh example, we modeled a residence with central gas furnace, no air conditioning, and R-11 attic insulation. Based on the DOE Home Energy Saver (Session id 282940), the electricity consumption per year was 7,000 kW-hr and the natural gas consumption was 1,300 therms. These annual consumptions were then multiplied by the 50 year residence life time.
DISPOSAL PHASE
We estimated the impact of demolition expenditure of $3,500 in the EIO-LCA sector 110900 (Other Construction, including demolition). This is likely an overestimate relative to the construction phase since on-site activities are included, but the disposal phase is small even with this overestimate. Table 4 summarizes the life cycle environmental impact inventory for the typical Pittsburgh residence. As expected, the usage phase dominates most impact categories. In an actual study, the design characteristics of the residences could now be altered to estimate differences from these typical values. 
PHASES CONSOLIDATION

CONCLUSIONS
This work proposes a model to conduct the life cycle assessment of a U.S. residential building, from a construction materials and energy consumption standpoint, along three lifecycle phases: construction, usage, and disposal. It illustrates a case study for a typical residence in Pittsburgh, PA. The model strives to take into consideration life cycle costs and environmental impacts considering direct and indirect relationships among economy components.
In the Pittsburgh case study the environmental stressors most important for the construction phase were soil toxicity, ores depletion, and polluted air, which highlights the need for greener construction materials, as well as for greener manufacturing processes. As for the usage phase, all type of efforts directed towards the optimization of energy consumption for the housing sector should be encouraged: Energy-efficient electro-domestic appliances, construction materials with better insulation properties, ecological awareness in architectural design, etc. In this point it is also very important the way in which cleaner technologies for generating energy (solar, wind, biomass and geothermal) will evolve in the medium and long terms. Contribution of the disposal phase was definitely minor in scope.
